The present work focuses on the planning of water distribution networks (WDNs). The research proposes an innovative strategy which aims at helping water managers formulate flexible investment plans while allowing for adaptive management under the increasing unawareness of medium-long term planning. This innovative strategy differs from existing strategies accounting for flexibility in WDN design. It allows for developing flexible investment plans without assuming that statistic or deterministic assumptions can account for all unawareness. The strategy introduces the key idea of technical contiguity of actions/solutions by post-processing a Pareto front obtained by a classic optimization technique in order to obtain sequential actions. This means retrieval of a set of 'technically contiguous' actions from the Paretian solutions, namely, by increasing the investment each action needs to contain the previous one. The application to the Apulian network allows discussion of the need for post-processing the Pareto front of solutions returned by the classic multiobjective design optimization and presenting the general strategy to obtain adaptive and flexible investment plans. We discuss further perspectives of the proposed strategy based on the integration of different flexible plans, each obtained with different assumptions, which could be statistic or deterministic, for the system boundary conditions. R. Pellegrino
INTRODUCTION
Water distribution network (WDN) management requires that water managers make decisions on investments ex ante in the face of an environment significantly changing over years in an unpredictable way. The unpredictability of such changes, which severely affects medium-long term planning of WDNs, cannot be solved by statistic or deterministic model assumptions for the system boundary conditions. It is a consequence of the unawareness about future states of the environment where WDNs work, caused by the unpredictable evolution of elements that are endogenous (e.g., customer demands, pipe deterioration, background leakages, etc.) and/or exogenous (e.g., environmental, economic, financial and contractual conditions, etc.) to hydraulic systems (Zhang & The unawareness about the evolution of endogenous elements to WDNs (i.e., boundary system conditions), mainly due to a lack of information, determines uncertainties that are generally faced using statistic (e.g., a probability density distribution function for customer demands) or deterministic (e.g., a maximum increase of customer demands as in the classic approach) assumptions. However, the unawareness of endogenous elements, although statistically or deterministically modelled, is not actually solved because of their dependence on actual environment changes over years. Furthermore, the unawareness resulting from the evolution of exogenous elements (e.g., urbanization plans, macroeconomic situation, contract evolution, etc.) cannot be faced using statistic or deterministic assumptions. The unawareness related to the lack of conception rather than the lack of information, that is, the unawareness due to the impossibility to formulate/predict uncertain scenarios about the future conditions (scenariobased uncertainties), requires the intrinsic adaptability of planned actions.
Without loss of generality, we here focus on the classic planning actions related to pipe sizing and expansion of WDNs, although the proposed strategy could be applied to any decision problem, e.g. rehabilitation, districtualization, etc., in order to obtain flexible plans.
It is well known that in WDN design the presence of uncertainty may typically result in oversized or undersized hydraulic capacity of WDNs (Basupi & Kapelan ) .
During the last decade, researchers proposed several alternatives to face the issue of uncertainty through the development of flexible design of the system components (e.g., Zhou & Hu ; Huang et al. ; Marques et al. , a, b; Basupi & Kapelan ) in order to achieve hydraulic reliability. Undoubtedly, all these studies represent a significant progress in developing new strategies and methods, such as the real option theory. However, they do not address the more general issue of the adaptive WDN planning, which is strategic to support water managers in developing flexible investment plans. Furthermore, the reported efforts faced the uncertainty related to unawareness about the evolution of endogenous elements to WDNs (e.g., customer demands and pipe resistances), generally using statistic assumptions.
On the other side, the great challenge for the technicalscientific community in the third millennium will be to develop tools and technologies to plan and manage infrastructure (Haimes ) . The analysis of technical literature reveals that less attention has been reserved for adaptive planning considering a general strategy to face the unawareness about the evolution of both endogenous and exogenous elements as defined above. The practical challenges encountered by the water managers in planning WDNs strengthen the need for investigating this unexplored area of research. Water managers are required to provide the next year's investment plans to the regulatory agency aimed at improving the service. These plans need to report the pathways of interventions to reach the agreed contractual targets. At the same time, however, water managers should be able to modify plans, without the need to neglect past interventions. For instance, it may be opportune to continue investing although the targeted performance has been reached (due to availability of additional budget, or extension of the contact, etc.); or it can be opportune to stop investing earlier than scheduled (because the performance has been reached ahead of schedule, or the budget has been reduced, or the contract has been shortened, etc.).
This asks for flexible plans enabling adaptive management along the whole life of the hydraulic system. This means, in practice, that the plan could be modified as the unawareness about the evolution of endogenous and exogenous elements resolves, allowing for alternative solutions that are technically compatible with the past interventions.
These considerations provided strong motivation to focus on the general planning of WDNs considering the evolution of endogenous and exogenous elements. In particular, the aim of this research is to propose an innovative strategy for supporting water managers in the formulation of flexible investment plans allowing adaptive management under the intrinsic unawareness of environment changes in medium-long term planning horizons. This innovative strategy differs from the others because it allows the development of flexible investment plans without asking that statistic or deterministic assumptions have to account for all the unawareness in medium-long term planning.
To this purpose, the strategy introduces the key idea of 'technical contiguity' of actions/solutions by post-processing the classical Pareto front. This means retrieval of a set of technically contiguous actions from the Paretian solutions, namely, by increasing the investment each action needs to contain the previous one. Or in other words, starting from any action, the next one has to be an 'upgrade' of the previous one.
Existing flexile design approaches (e.g., Marques et al.
, a, b;
Basupi & Kapelan ) assume a predefined scenario of uncertainty evolution (e.g., high and low customer demands), develop a two/four-stage plan (described as a decision tree) where each node presents a solution that is technically contiguous with that of the previous node of the tree. Furthermore, these flexible approaches are strictly driven by the prior expectations on the scenario. In fact, the technical literature studies (Marques et al. , a, b, ; Basupi & Kapelan ) assume that at predefined discrete instants of time during the considered horizon the uncertainty evolves into two possible states (e.g., high and low customer demands), and model this uncertainty evolution as a decision tree.
For instance, Basupi & Kapelan () simulate a possible scenario for the demand following a two-staged decision tree depending on the states of the demand (e.g., High or Low), and, accordingly, find the solutions for this staged design of WDNs that minimize total intervention costs (capital and operational) and maximize system and resilience.
Similarly, Marques et al. (, a, b) consider a network planning horizon of 60 years, divide it into 4 periods, and assume that possible future conditions the network could have to cope with will change discretely within these 4 periods (i.e., some possible expansions and a 'predefined' demand increase may happen in two consecutive periods of this tree). Given these predefined scenarios of uncertainty, they optimize the WDNs design. To post-process the set of Paretian solutions obtained from any classic multi-objective optimization technique, several rules of contiguity can be implemented (Pellegrino et al. ) . In the following, we discuss some of them, although the paper uses the most effective for pipe sizing. This paper is organized as follows. The following section describes the challenges faced when using traditional Pareto fronts during the medium-long term planning of WDNs. After that, the case of the Apulian network is presented, discussing the need for post-processing of Pareto front solutions returned by standard multi-objective optimal pipe sizing assuming that the customer demands will double in the future. Then the innovative strategy to obtain flexible plans from original Paretian solutions is presented, followed by showing the results of the analysis varying the assumption about the future demand. These results demonstrate the technical effectiveness and robustness of the strategy with respect to this assumption. Finally, further research perspectives of the proposed strategy are discussed followed by the concluding report on the findings of this paper.
PROBLEM FORMULATION
Without loss of generality, we here discuss the challenges faced when using traditional Pareto front during the medium-long term planning of WDNs considering, as example, the optimal pipe sizing of an existing system in order to increase the hydraulic capacity.
In the last decades, in fact, researchers have extensively In both cases, the outcome of WDN optimization is a Pareto front representing different technical actions of interventions. For instance, in the case of pipe sizing aimed at increasing the hydraulic capacity, each point on the diagram returned by a two-objectives optimization (intervention cost vs. hydraulic capacity) corresponds to a subset of pipes to be replaced or parallelized. In this sense, each point on the diagram is a sort of 'one-off solution/action' providing a certain level of net benefits (hydraulic capacity) against a certain level of investment (intervention cost). The Pareto front obtained by the classical optimization is therefore well suited when water managers make a single (i.e., one-off) investment decision which will become effective almost immediately.
Beyond one-off investment, WDN planning needs, i.e., the design of an investment pathway, come up very often.
For example, water managers are required to provide the plans for the coming next year's investment to the regulatory agency aimed at improving the service (hydraulic reliability).
Consequently, more actions on WDN must be identified and implemented not immediately, but in more than one stage, considering the unawareness about endogenous and exogenous elements. It becomes, therefore, mandatory to formulate such investment plans allowing for adaptive management along the whole life of the network, under the increasing unawareness in medium-long term planning.
In this scenario, the problem to be solved is not just the identification of the optimal one-off intervention (as in the classical optimization). It is needed to design an investment pathway, which is adaptive, given that the evolution of endogenous and exogenous elements is generally not known at the time of making the decision on the investment pathway. Hence, the classical Pareto front cannot be used to formulate an investment plan, since it solves the problem of one single investment decision. In other words, once a population of Paretian solutions has been obtained through any kind of multi-objective optimization procedure, starting from the lowest solution cost and increasing it, the following solutions are, in general, not sequential, i.e., not contiguous from a technical standpoint.
In practice, if water managers would like to intervene on the network to reach a predefined level of performance (on y-axis of Figure 1 
WDN SIZING EXAMPLE
The mathematical formulation of a WDN model for simulating a single steady-state snapshot of a given hydraulic system composed of n p pipes, n n nodes and n 0 reservoirs, is based on (n p þ n n ) energy and mass balance equations is,
where the vectors Q p contains the pipe flow rates, H n contains the unknown nodal heads, H 0 contains the known nodal heads of reservoirs, and V n contains the volumes of water withdrawals in the nodes during ΔT, which is the time interval of the real hydraulic system snapshot.
The network graph of the hydraulic system is defined A pn ¼ A T np and A p0 topological incidence sub-matrices of size [n p ,n n ] and [n p ,n 0 ], respectively, derived from the general
Afterward, a steady-state modeling for a given time interval ΔT and volume V n of nodal water withdrawals, returns Q p and H n , which depend from the assumed demands (demand-driven analysis) or from the computed demands depending on nodal heads/pressures (pressure-driven analysis) (Giustolisi & Walski ) .
In this paper, we will focus on the system performance with respect to customer demand. Therefore, the pressuredriven analysis is mandatory in order to predict the hydraulic behavior in terms of customer unsupplied water demands with respect to the service requirements. The behavior of the customer demands is effectively modeled by Wagner's model (Wagner et al. ) allowing predicting the actual supplied water in pressure-deficient conditions (Giustolisi & Walski ) . Furthermore, the nodal volume V n contains the background leakages, which are extra demand loads, always existing in the WDN, influencing the hydraulic system capacity depending on the asset deterioration and pressures into the system. Therefore, pressure-driven analysis is also mandatory in order to model the background leakages and predict the actual capacity of the hydraulic system. Germanopoulos' model () is here used to model background leakages modeling (Giustolisi et al.
).

Apulian network
We here use the Apulian network (see Giustolisi et al. , for further details) in order to discuss the need for a post-processing of Pareto front solutions returned by the standard optimal design strategies. This case study is also used to propose, in the next section, a general strategy to obtain flexible plans (i.e. technically contiguous) from original Paretian solutions.
Without losing the generality of the methodology, in this case study we assume a deterministic variation of one endogenous element, namely the customer demand, even though it can be easily generalized by modeling the unawareness on such endogenous elements using statistics. If a statistic assumption about the demand evolution is made, the output becomes a flexible Pareto front obtained with reference to that stochastic demand. The customer demand was modelled assuming double nodal demands (K ¼ 2).
Pressure-driven analysis asks for the assumption of a minimum required pressure for any service and for a correct service. Therefore, the two values (constant through the network) equal to 0 and 10 m, respectively, was assumed. The pipe level parameters of Germanopoulos' model were assumed equal to α ¼ 1.2 and β ¼ 1.062 × 10 À7 (constant through the network) corresponding to a leakage level equal to 25% of the maximum inflow at the pick hour.
It used a multi-objective optimization minimizing the investment cost due to pipe sizing versus the hydraulic capacity. The hydraulic capacity is measured here using the total unsupplied demand of the network, one of the many performance measures of the network:
where UN is the network unsupplied demand, d i cust is the actual delivered customer demand depending on pressure P i , d i req is the required customer demand and n n is the number of network nodes. The definition of UN makes the optimization problem a minimization of the investment cost versus a minimization of the unsupplied water (i.e., one minus performance). Table 1 . Even though they are four consecutive points in the diagram (Figure 2) , they are 'technically noncontiguous'.
In particular, compared to solution 24, solution 25 consists of replacing pipe 23, as is also the case for solution 24.
Solution 25 now uses a diameter (164 mm Finally, the solution 27 requires the increase of the pipe 8, which was already increased, i.e., replaced for the implementation of solution 26. Clearly, this is not effective from a technical standpoint.
This clearly highlights not only that solutions are noncontiguous, but also that to get the benefits associated with a given solution it is required to bring the network back to the initial conditions, making this unacceptable from both 
INNOVATIVE STRATEGY FOR DEVELOPING INVESTMENT PLANS
This section presents the innovative strategy for developing investment plans by using a Pareto front with solutions that can be considered technically contiguous. To build contiguity, the population of Paretian solutions obtained through a multi-objective optimization procedure is postprocessed according to a specific rule of contiguity. There are several ways to build contiguity among the solutions. corresponds to the last of the original Pareto front in Figure 2 , which was used to generate the flexible plan. Table 2 synthesizes the information of Table 2 by reporting the sequence of replaced pipes starting from pipe 34 and ending with pipe 29. Table 2 could be expanded adding the column of total replacement cost and UN.
One of these consists in introducing
As depicted in Table 2 , the technical contiguity means that the decision maker may operatively start from any point of Figure 3 design methodologies embedding the temporal dimension (for example, when assuming that the demand will increase or decrease at a specific point of time), in the proposed innovative strategy the evolution of both endogenous and exogenous elements is not constrained to follow a predefined temporal course (e.g., increase or decrease each 20 years).
Considering also the final sequence of all the pipes that have to be replaced in order to increase the demand of the desired value (K ¼ 2) by having also at the same time the maximum WDN performance (UN ¼ 0%) , it is evident that the technically contiguous solutions of the new fronts are still robust from a technical standpoint. In fact, looking at and makes them technically contiguous in order to allow for the development of plans. This implies that the proposed strategy is still able to maintain all the information provided by the optimization procedure and continue exploiting it during WDN planning. In other words, we proposed a post-processing of the information contained in the Pareto set of solutions in order to make it effective for WDN planning. This is a general idea which, beyond the specific methods here reported, contributes to create a bridge between classic optimal design and flexible investment planning. As a further step in this direction, once a possible schema of contiguity has been selected, it might be directly included into the multi-objective framework by constraining the optimization to provide optimal contiguous solutions.
This could be a worthwhile field of investigation. It would allow water managers to continue using a multi-objective optimization framework with the contiguity constraint in order to develop investment plans on WDNs under the increasing unawareness in medium-long term planning.
Finally, we discuss here the optimality of the 'flexible'
Pareto set with respect to the original one. In overlapping and comparing the two fronts (Figure 4) , some interesting insights can be drawn. Second, the strategy has the new perspective of integrating different plans (i.e., on-spot optimization plans) based on different assumptions. To this purpose, the next section reports the same flexible plans assuming that the customer demand will increase by four and six times.
A FURTHER PERSPECTIVE OF THE METHODOLOGY
We perform here the analysis by using different values of the increased demand, namely, we set its value at four and six times the initial value. Clearly, the number of pipes to be replaced according to flexible plans (13 for K ¼ 2 as in Table 4 ) increase to 18 and 19 for K ¼ 4 and K ¼ 6, respectively, as reported in Table 4 .
In fact, by increasing the final customer demand, both the number of pipes and the diameter of the specific replaced pipe increase because it is necessary to increase the hydraulic system capacity. Table 4 shows that pipe 34 is always present, but requires a larger diameter. It is replaced with a pipe of diameter 750 mm for K ¼ 2 and 100 mm for K ¼ 4 and K ¼ 6; while pipe 23 is only present for K ¼ 2 and K ¼ 4. Table 4 , together with the network layout ( Figure 5) , considering that the single reservoir also feeds the hydraulic system, shows a rationale in the sequence of pipes, namely This is an open research direction, which is out of the focus of the present paper, although it represents the natural perspective of the proposed strategy.
CONCLUSIONS
This paper presents an innovative strategy which aims at supporting water managers in the formulation of flexible investment plans allowing for adaptive management under the increasing unawareness in medium-long term planning.
The key idea of the proposed strategy to the adaptive planning is to develop investment plans by post-processing a Pareto front obtained by a standard multi-objective optimization technique in order to obtain sequential actions. This means retrieval of a set of 'technically contiguous' actions from the Paretian solutions, i.e., by imposing that each action upgrades the previous one. Several ways to build contiguity among the solutions are possible. This paper discusses some of them, and uses the most effective for pipe sizing and applies it to the Apulian network. This innovative strategy is then shown and demonstrated using a case study related to the increase of hydraulic capacity. The findings and their discussion suggest the following interesting insights.
First, the traditional Pareto front developed to decide the one-off intervention on the network cannot be adopted Forth, the flexible fronts are robust from a technical standpoint. In fact, those pipes that are replaced in all the one-off Pareto front solutions given their strategic importance for the network continue to be replaced in the flexible front (the diameter depends on the specific rule for building contiguity). This demonstrates that contiguous solutions are close to the optimal ones from a technical perspective (unless some minor differences due to the specific schema of contiguity adopted, such as the difference in diameters), but differ for costs and benefits.
Fifth, the 'rules' for searching the contiguity among the optimal solutions of the one-off Pareto front may be easily changed according to the objectives of the planning managers, intervention costs, uncertainty, etc. For the sake of generalization of the developed strategy, further research will also be oriented to investigate other possible rules for searching the contiguity among the optimal solutions of the one-off Pareto front and compare the performance of all these new fronts.
Sixth, contrary to existing flexible design methodologies, that assume an a priori scenario of uncertainty evolution (formulated ex-ante as a decision tree), the proposed innovative strategy for adaptive planning adopts a flexible Pareto front which is built by post-processing the classical Pareto front (obtained from standard multiobjective optimization techniques) with any kind of contiguity schema. This implies that the proposed strategy is still able to maintain all the information provided by the optimization procedure and exploit it during the planning of WDNs. Including the selected schema of contiguity directly into the multi-objective framework will allow water managers to continue to still use the multi-objective optimization framework with the contiguity constraint in order to develop investment plans on WDNs under the increasing unawareness in medium-long term planning. This is not a trivial task since the contiguity constraint is a global constraint. Further research could be devoted to address this issue. 
